We have applied specific eco-exergy to data on fisheries landing and on aquaculture from FAO. Specific ecoexergy gives a weight to each species, depending on the genetic information content. The biomass for each species is multiplied by this factor and then the sum of all values divided by the total biomass. Therefore, this value is independent of the total catches and reflects the quality in terms of information content of what we are extracting from the whole oceans or producing by aquaculture. The objective was to analyze the trends of this indicator. In addition, we have detected possible change points in the gradient at unknown times using likelihood ratio test, with the null hypothesis of linear relationship. We intended to analyze these detected change points against well-known historical events in all defined FAO areas. The results show a continuous decline, since the 70's, for the world marine specific eco-exergy. On the contrary, the same analysis applied to aquaculture shows no decreasing trend.
INTRODUCTION
Industrialized fishing is rapidly depleting fish stocks and some commercial fisheries worldwide are being driven to collapse [1] [2] . In addition, marine biodiversity loss is affecting marine ecosystem functions at all scales [3] . At the beginning, fisheries stock assessment and management was based on single-species population models using fisheries catch and effort as input [4] . After, different stock assessment techniques has been developed depending on the availability and accuracy of data, see for example [5] [6] [7] [8] . However, these approaches have not been able to stop the decline in fisheries and for these reasons, an ecosystem approach to manage fisheries has been proposed [9] where fish populations are considered as part of the marine ecosystem. This approach based on population and ecosystem dynamics is aiming to avoid cascading/secondary effects [10] and destruction of marine ecosystems. However, in order to develop this approach, there is still the need to develop techniques for fisheries management assessment consistent with the ecosystem view.
Another idea that has gained recognition during the last decades in ecological systems is the existence of thresholds: a critical value of a pressure beyond which a state indicator shifts to a different regime [11] [12] . The existence of such thresholds has been suggested to be used as a conceptual framework for the development of strategies for sustainable management of natural resources [13] [14] . Even though, the concept of thresholds has been for a long time embedded in ecological risk assessment [15] , starting from the doseresponse curve, the number of experimental cases for which a threshold of regime shift have been unequivocally detected is still low [16] . Even though fish population collapses are one of the most referred examples; attributed, normally, to a combination of fisheries pressure and change of environmental conditions [17] [18] [19] .
In this framework we have applied an ecosystem indicator: specific eco-exergy [20] to fish landing historical datasets [21] . The objective was to analyze the results provided by this indicator as well as the possible existence of regime shifts in these data sets by applying a statistical method to detect changes in time series trends. This approach intends to help in developing a strategy for fisheries ecosystem-based management by providing a global metric to examine ecosystem status. However, it is still in the preliminary phases and therefore several developments concerning its application for fish species are still needed.
MATERIALS AND METHODS

Eco-Exergy and SPECIFIC ECO-EXERGY
The central problem of ecology concerns the relationships of individual organisms with their environment, the interactions and diversity of species and the fluxes of energy and materials through ecosystems. All levels of ecological organisation, from individual organisms to assemblages of species to ecosystems to the entire biosphere, are examples of complex systems with their typical features i.e. ecological systems are comprised of many parts; they are open systems that maintain themselves far from equilibrium by the uptake and transformation of energy and by exchange of organisms and matter across their boundaries; they are adaptive, responding to changing environments; they have irreversible histories; and, consequently, they exhibit a rich variety of complex, non-linear dynamics.
In order to try to characterize ecosystems form a nonequilibrium thermodynamics point of view, Jørgensen and co-workers [20] have introduced and developed during the last 20 years the concept of eco-exergy. Eco-exergy is defined as the amount of work a system can perform when it is brought to thermodynamic equilibrium with its environment or reference state, defined as the inorganic soup on earth 4 billion years ago. From this definition is easy to see that ecoexergy depends on the state of the total system (ecosystem plus reservoir/environment) and, hence, it is not a state variable. The eco-exergy (Ex) of an ecosystem cannot be meas-ured, but may be computed for each system component by multiplying its concentration, c i , measured in terms of its average standing biomass, with its genetic information content, i , using conversion factors:
where R is the ideal gas constant, T the temperature Related to the eco-exergy concept, Jørgensen and co-workers [20] introduced the concept of specific (or structural) eco-exergy, which is the eco-exergy calculated relatively to the total biomass:
where c t is the total biomass concentration, which is the sum of all c i including inorganic matter available to growth of biomass. Specific eco-exergy expresses the dominance of the complex organisms -going from humans, =2173, to virus, =1.01 [22] -because, per unit biomass, they carry more information, that is, they have higher -values. For example, a very eutrophic aquatic ecosystem will have a very high eco-exergy due to the large biomass, but the specific ecoexergy will be low, as the biomass will be dominated by species with low -values, i.e. phytoplankton, =20. The combination of the eco-exergy and specific eco-exergy index usually gives a more satisfactory description of the health of an ecosystem than the eco-exergy index alone, because it considers diversity and life conditions for higher organisms.
However, one of the main problems in the real application of eco-exergy has been the development of a procedure to calculate the values of . Jørgensen [20] proposed to take into account the number of genes to calculate this value. As the data on the total number of genes for many organisms are becoming available, the original difficulties on using this approach have decreased. Recently, it has been proposed [23] an operational approach by using the haploid nuclear DNA contents of organisms (C-values). The nuclear DNA content in picograms (pg), which correspond to a certain number of base-pairs (bp) in the DNA (1pg = 0.98.10 9 bp), 2C, is divided by 2 to give the number of nucleotides in one polynucleotide chain (one DNA strand). Under the assumption that, for each adjacent triplet of nucleotides in nonrepetitive DNA corresponds a transcribed RNA-signal, this number is then divided again by 3 to give the number of nucleotide triplets (maximum coding capacity. Then is calculated as [23] whereas the value 7.34.10 5 is used to normalize all values in terms of detritus. However, there exists the problem of the 'C-value paradox' [24] , which is based on the fact that some organisms with less morphological complexity than mammals exhibit larger C-values, evidencing a lack of correlation between structural complexity and total DNA content. Therefore, it was proposed in [23] to calculate , for each species, using the known lowest C-value. In addition, in a new calculation scheme, using several approaches [22] , it was observed that by subtracting the value of the percentage of repeating sequences better correlation were obtained and uncertainty was reduced. Using this approach, the number of values was extended from 16 to 56 [22] . However, the level of definition is still high compared with the indicators normally developed for assessing ecological status based on specific species, assemblages or ratios between classes of organisms [25] . In a recent study, a more detailed approach was followed to assess the environmental status on coastal lagoons based on macrophytes data [26] . In this case, it was possible to calculate -values for 244 seaweed and seagrass species common in Mediterranean coastal lagoons. The values obtained using specific eco-exergy were compared with macrophyte-based indicators recently proposed [27] [28] [29] and similar results of classification levels were obtained. This approach was also carried out for macrobenthos with a general agreement with other ecological indicators. However, the calculation of values presented higher variability and uncertainty [31] . When the approach was applied to FAO datasets we found that they were not sufficiently specific to move to a deeper level than organism and 2C values for fish species shown a high variability when compared with macrophyte and even macrobenthos data. For the specific case of macrophytes this is probably due to the fact that practically all 2C values for them were obtained from a single reference [30] . For this reason, the last values proposed in [22] have been employed in this work, see Table 1 . Even though, this is a crude approximation since we are working at a high organisms level, the values obtained are compared between themselves. This relative comparison is the approach recommended in [20] when working with specific eco-exergy. 
FAO Landing Data and FAO Areas
The FAO global statistics [21] were used to obtain landing statistics of fisheries and aquaculture production of [32] , FAO fishing areas were grouped into 9 regions. The total biomass used for the specific eco-exergy calculation is the sum of all catches per area per year excluding catches under one tonne, plants and catches that were not stated in tonnes like seals, whales and crocodriles.
The FAO statistics are on different taxonomic levels. Over 30% of all marine landings cannot be identified to the species level, and about 20% cannot even be assigned to the level of Family [33] . Therefore we chose to use values on the Phylum level presented by [22] . For the calculation of specific eco-exergy the values used were for Mollusca and Cnidaria. As Crustaceans are the most important Arthropoda for commercial fisheries we used a value for the Subphylum Crustacea. Chordata beta values were used for all Chordatas but Fish, for which a separate value was used. Consequently data that could not be classified into the phyla used (like aquatic invertebrates) and data for which no value could be found in the table were not used for calculations. However, the biomass considered accounts approximately for 80 % of the total biomass in the datasets. Even though problems with China reports to FAO have been discussed [34] , we have not excluded their data from this analysis.
Identification of Change Points
Time series of specific eco-exergy (global catches, region-specific catches and aquaculture, X t ) were examined for changes in trends occurring at unknown points in time. This was done by first assuming a linear trend and then adding a change point in time as an unknown parameter, where the trend coefficient changes.
In this case, the null hypothesis is =0 (H 0 ) and the alternative hypothesis is 0 (H 1 ). The change point can be viewed as a knot where two lines join. Adding a change point increases the model degrees of freedom by 2, since both the point in time and the change in trend coefficient are unknown parameters. The time series were investigated for up to 5 change points (6 connected line-pieces), and higher order models were compared to lower order models by means of likelihood ratio (LR) test [35] :
The distribution of LR is generally unknown, but when the number of points tends to infinity -2log( ) is asymptotically 2 -distributed with degrees of freedom equal to the difference in free parameters between the two models [35] . The non-linear models were estimated by maximizing the likelihood function. The statistical analyses were carried out using PROC MODEL in SAS.
RESULTS AND DISCUSSION
Global Marine Catches and Global Aquaculture
The results of the calculation of specific eco-exergy for global marine fisheries landing data and global aquaculture are shown in Fig. 3 . There was an increase of specific ecoexergy of global catches until 1966, then the average specific eco-exergy stabilizes until 1971 and after there is a continuous decrease, which seems to accelerate after 1995. Specific eco-exergy gives a weight to each species, depending on the genetic information content. The biomass for each species is multiplied by its factor and then the sum of all values divided by the total biomass. Therefore, this value is independent of the total catches, and reflects the quality in terms of information content of what we are extracting from the whole oceans. However, it is possible to observe that this value reflects the World fisheries trends in landings, with an exponential growth period until 1971 followed by a change in the trend around 1971, see Fig. 1 . This is in accordance with the results from [32] that pointed out that there is a general decline in mean trophic level of marine and inland landings. The change in trend at the beginning of the 70's may be attributed to the fact that a collapse of large valuable stocks occurred during these years (e.g. the Peruvian anchoveta, Southern African pilchard fisheries) which will explain the phenomenon of change in catch composition as "fishing down marine food webs" [32] . Also during these years appeared the Law of the Sea and the 200 nautical miles into the open sea as exclusive economic zones of maritime countries [36] . The same approach was used to analyze the aquaculture production data (Fig 3, bottom) . Even though there has been a continuous increase in aquaculture production since its beginnings, see Fig. 1 , the specific eco-exergy shows a different behaviour than global marine catches with lower specific eco-exergy values and with no decreasing trend.
It is clear that by using landing data we assume that changes in the landing data reflect changes in the marine ecosystem which is not true. In addition, we are analysing the data without taking into consideration natural variability and fluctuations in population's size [33] due to climatic variability. Furthermore, other aspects embedded in the datasets are related to technical efficiency, e.g. use of fish detection devices, and to economic aspects such as the market price for fish and/or legal, e.g. regulations or fish quotas [36] . However, with the industrial development and globalization of fisheries during the last decades it is difficult to believe that landing data do not reflect the relative magnitudes of existing biomasses in the World Seas. These results confirm the analysis from [32] based on the mean trophic level of the species which was criticized in [33] based on the fact that the assignation of a mean trophic level was somewhat arbitrary.
This decreasing trend is typical of a throphic cascade at global level as reported in [19] for the large eastern Scotian Shelf ecosystem off Nova Scotia (Canada) were decreases in top predator abundance Cod (Ex st =499), attributed to a combination of fishing pressure and climatic changes, produced a cascading effect and an increase in lower thropic levels such as shrimps and crabs (Ex st =232). Following the data form [37] , the calculated change of Ex st was from 489 in 1985 to 378 in 1997, which is higher than the values obtained for aquaculture.
In addition, the differences between the values found for aquaculture production in terms of lower specific eco-exergy values and the absence of clear trends point out that the specific eco-exergy is able to extract relevant information concerning the status of the fisheries. If both series would have show similar values, i.e. natural versus man-made system, and behaviour then Ex st would have not provided useful information.
Statistical Analysis of Specific Eco-Exergy Time Series
Time series were analysed for change-points, where the gradient changed. This method tries to detect when a change in a time series has occurred based on a change in the gradient. The main results are presented in Table 2 and Figs. 4-5.
The change points obtained for global fisheries (fig. 4 ) using specific eco-exergy show an increase of specific ecoexergy until the late1960s, with a slower increase from the 1950s till 1959 and a faster increase from after 1959 till the late 1960s. As said before, this rapid increase in specific ecoexergy probably reflects the growth of industrialized fishing. After 1968 specific eco-exergy started to decline with a short period of stabilization from 1984 till 1991, approximately zero slope. The decline of Ex st around 1970 reflects probably the collapse of several important fisheries. Fig. (4) . Change-points in specific eco-exergy time series for global marine catches.
Specific eco-exergy for aquaculture data shows lower values of specific eco-exergy and a different pattern. According to the change point detection analysis, see fig. 5 , there was a slow decrease from 1950 till the mid 1960s, followed by an increase till the beginning of the 1980s and a sharp decline till the mid 1990s, recovered afterwards. The low mean value of specific eco-exergy is probably due to the fact that mollusc aquaculture represents an important contribution to the total biomass when compared with global fisheries. In fact, it was reported in [38] that only 7% of mariculture production consists on carnivorous fish (e.g. salmon, bass, bream, etc.) whereas 48% is centred on invertebrate filter feeders (e.g. mussels, oysters, scallops, clams, etc.). If we compare specific eco-exergy values for both groups (global fisheries and aquaculture) and we extrapolate linearly the global fisheries decreasing trend obtained after linear regression in the last part of the data set, we obtain that in approximately 125 years, specific eco-exergy for both systems will be similar. If this trend could be attributed to changing market demand we should be able to observe a similar behaviour in aquaculture production data.
In this sense our approach is in line with the results from [3] that predicted the fisheries collapse by the year 2048. As all extrapolation results, care should take in the interpretation [39] [40] [41] and they should be interpreted as a worse case scenario, since it is expected that fisheries policy would adapt to maintain a sustainable exploitation. Figure 6 shows the results from the different FAO areas grouped following [32] . Concerning the North Pacific (FAO areas 61 and 67), it seems that from the beginning of the observed time period till 1963 Ex st was approximately constant. From 1963 to the late 1960s Ex st increased rapidly, followed by a slow decrease until beginning of 1990s where the negative slope increased considerably. The decrease of Ex st in the early 1990s coincides with the decrease in landings of Alaskan Pollock in the early 1990s and the collapse of Japanese pilchard (sardine) in the late 1980s in the Northwest pacific as well as the increase in mollusc landings around this period. In 1994 the total amount of squids, cuttlefish and octopuses landed in the Northwest Pacific (FAO area 61) reached an all time high of about 958 000 t [42] .
The FAO area 27 (Northeast Atlantic) shows small oscillations until the late 1970s but with approximately constant values. During this period Iceland expanded its fishing jurisdictions from 3 (before 1952) to 200 (1976) nautical miles off the coast of Iceland. This period has been called the "Anglo-Icelandic Cod war" [16] and even though the environmental resources did not change, there was a social regime shift in the British fishing industry. Because this area has a long fishing history most of the traditional fishery resources of the Northeast Atlantic are fully or overexploited, with several stocks in a depleted condition [42] . The biggest total biomass landings in this area were in 1976. It was around this time that Ex st started to decline. Few species have been collapsing or close to collapse since then. For example the North Sea cod stock showed decrease landings since the 1970s. In common with many other fish stocks in the North Sea, cod are heavily exploited with as much as 60% of fishable stock being removed annually [43] . However since the late 1980s there has been a change in Ex st trend, which shows a slow increase.
Ex st in the Northwest and Western Central Atlantic (FAO area 21 and 31) was increasing till the late 1960s followed by a sharp decline, a plateau in earlier 1980s -slope close to zero-and a decline since then. During these years there have been several reported fish stocks declines. Collie et al. [18] analyzed the time series of biomass of Georges Bank Haddock from 1931 to 2000. During the 1960's biomasses more than doubled and catches increased to over 100 tonnes followed by a biomass collapse after 1965 with a slight increase in the earlier 1980s and a gradual increase from late 1990s [44] . In [45] , it is described that since the 1970 there has been a dramatic decline in the abundance of the western At- [21] . Ex st started decreasing around 1983 with lowest Ex st values in 1992 when the collapse of the Black Sea anchovy and sprat stocks occurred. However, the Black Sea recovered relatively fast from the collapse, probably due to the decrease in nutrient inputs that followed the East Europe changes during the 90s [50] . The slow decrease of specific Ex st values since the mid nineties coincide with prey depletion (mostly small epilagics) and overfishing of marine megafauna like that observed [51] in the Central Mediterranean. Specific eco-exergy in the Central Eastern Pacific (FAO area 77) decreased from the 1950s until around 1960s. In this area some pelagic fisheries were already quite developed during the first half of this century. Catches of California pilchard (or sardine) (Sardinops sagax caeruleus) reached peaks well over 700 000 t already in the 1930s and early 1940s [42] . Ex st values increased from 1960 to the late 1970s. This increase follows the industrial fishery development in Mexico and Central America. Since 1953 total catches for the whole area had a sustained rate of increase [42] . In the late 1970s specific eco-exergy started to decline. The strong 1983-84 "El Niño" caused a severe drop in total catches of almost all species groups [42] .
In the Indo(west)pacific (FAO areas 51, 57 and 71) area specific Ex st values did not undergo big changes. Values for specific eco-exergy in this area were between 461 and 478. In [32] it was found that "fishing down the food web" did not occur in this area and argued that the apparent stability is certainly due to inadequacies of the FAO statistics. There are numerous studies that document a similar species shift from high to low trophic levels as occurred in the northern temperate areas [2, [52] [53] . Since the 1950s fishing industry grew and therefore specific eco-exergy increased. Ex st values decreased from the early 1960s till the late 1970s, in parallel with the rapid development of trawl fisheries in Southeast Asia in 1970s targeting shrimp for export. The increase of Ex st in the late 1970s might be caused by the inadequate fishery statistics reflecting the increased landings of big fish. For example in the western Indian Ocean (FAO 51) a large increase of skipjack and yellowfin was reported since the early 80s.
In the Antarctica (FAO areas 48, 58 and 88), from 1966 till 1972 only fish landings were reported. Therefore specific eco-exergy was constant and for this reason, it was not included in the statistical trend analysis. Fisheries quickly depleted bony fishes and Ex st values started to decrease. After the depletion of large fish, a considerable amount of landings were krill and therefore specific eco-exergy was low (Ex st for crustaceans is 232, see Table1). The Antarctica is the area with the biggest Ex st loss. 
CONCLUSIONS AND FUTURE WORK
There is a clear recognition that ecosystem-based fisheries management (EBFM) and related ecosystem approaches (EA) for marine systems are becoming increasingly important [54] [55] [56] [57] . A key step to begin implementing EBFM is the development of tools to assess the status of large marine ecosystems, parallel to those used to assess populations of commercial valuable species [54] .
Using Ex st to calculate the status of marine ecosystems seems to be such a tool as reflected from the data obtained by applying it to global fish catches data from FAO. With inshore, offshore-and distant-water fleets competing to supply increasingly integrated global markets, abundant species are exploited wherever they occur, and landings will tend to reflect their relative abundance. This was not the rule before fisheries became globalized and only selective species were exploited by near shore gear [58] .
Ex st is a useful tool in environmental monitoring. Is quite easy to calculate and reflects the condition of an ecosystem as a whole [20, [59] [60] . The results with this indicator confirm the results obtained by [32] using the concept of mean trophic level. Ex st values have shown a continuous decline, from the 70's which extrapolated will give similar values of aquaculture Ex st in around 125 years. This value is in line with that from [3] who modeled the depletion of stocks as a function of time and predicted a 100% collapse for all currently fished taxa by the year 2048. However, as with all extrapolation techniques caution should be taken and they should be interpreted as a worse case scenario, since it is expected that fisheries policy would adapt to maintain a sustainable exploitation.
We have also applied statistical techniques to detect change of gradient at unknown time using likelihood ratio test, with the null hypothesis of linear relationship, to identify regime shifts and correlate them with well-known historical events in all defined FAO areas.
Nevertheless, it would be desirable to calculate specific eco-exergy on a higher taxonomic level [26, 31] and test the results with more detailed data sets. Presumably, using better taxonomic resolution, Ex st values would reflect the state of the ecosystem in more detail. Our research is continuing along these lines.
